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ABSTRACT
We present constraints on Ks-band emission from one of the nearest short hard gamma-ray bursts,
GRB 160821B, at z=0.16, at three epochs. We detect a reddened relativistic afterglow from the jetted emission
in the first epoch but do not detect any excess kilonova emission in the second two epochs. We compare upper
limits obtained with Keck I/MOSFIRE to multi-dimensional radiative transfer models of kilonovae, that em-
ploy composition-dependent nuclear heating and LTE opacities of heavy elements. We discuss eight models
that combine toroidal dynamical ejecta and two types of wind and one model with dynamical ejecta only. We
also discuss simple, empirical scaling laws of predicted emission as a function of ejecta mass and ejecta veloc-
ity. Our limits for GRB 160821B constrain the ejecta mass to be lower than 0.03 M for velocities greater than
0.1 c. At the distance sensitivity range of advanced LIGO, similar ground-based observations would be suffi-
ciently sensitive to the full range of predicted model emission including models with only dynamical ejecta.
The color evolution of these models shows that I−K color spans 7–16 mag, which suggests that even relatively
shallow infrared searches for kilonovae could be as constraining as optical searches.
Keywords: stars: neutron, stars: black holes, gravitational waves, nucleosynthesis, gamma-ray burst: individual
(GRB 160821B, GRB 130603B)
1. INTRODUCTION
Short Hard Bursts (SHBs) of γ-ray emission are pur-
portedly neutron star mergers where the jet is conveniently
pointed towards us (see Berger 2014 for a review). The same
violent mergers are promising sources of gravitational wave
emission in the advanced LIGO frequency band albeit inde-
pendent of orientation and limited to the local Universe.
The discovery of afterglows of SHBs has been much more
challenging than that of long soft bursts due to their intrinsic
faintness. In addition to an afterglow, long bursts have been
shown to be accompanied by a broad-line Type Ic supernova
(e.g., Galama et al. 1998). One may also expect “kilonova”
emission in SHBs from radioactive decay of heavy elements
synthesized in these extreme environments (see Ferna´ndez
& Metzger 2016 for a review). Kilonova emission could
be red due to the opacities of heavy element lines (Kasen
et al. 2013; Barnes & Kasen 2013). Possible excess emis-
sion has also been reported for two nearby short bursts:
excess optical emission was seen in GRB 080503 (albeit
with a less secure redshift; Perley et al. 2009) and infrared
emission in GRB 130603B (Tanvir et al. 2013; Fong et al.
2014). But the accompanying excess X-ray emission in both
GRB 080503 and GRB 130603B cannot be easily explained
by kilonova models. Additional claims of excess emission
include GRB 050709 (Jin et al. 2016) and GRB 060614 (Jin
et al. 2015). Constraining upper limits on excess emission
include GRB 150101B (Fong et al. 2016).
The discovery of GRB 160821B (Siegel et al. 2016) by the
Swift satellite (Gehrels et al. 2004), one of the nearest SHBs,
presented another opportunity to look for any excess emis-
sion hinting at heavy element radioactivity. An optical after-
glow (Xu et al. 2016) and radio afterglow (Fong et al. 2016)
were detected. A spectrum was obtained suggesting a very
low redshift of 0.16 (Levan et al. 2016). Deep HST follow-up
observations were also undertaken (Troja et al. 2016, Troja et
al. in prep). In this paper, we present a search for excess in-
frared emission at the Ks-band with Keck I/MOSFIRE.
2. OBSERVATIONS
We obtained three epochs of deep imaging of GRB
160821B with the MOSFIRE (McLean et al. 2012) instru-
ment mounted on the Keck I telescope (Table 1) at 4.3 days,
7.5 days and 8.4 days after the γ-ray burst. Data were taken
in correlated double sampling mode with an integration time
of 4.4s and 7 co-adds in each exposure. Multiple well-
dithered exposures were stacked on each night: specifically,
45 frames, 29 frames and 25 frames were stacked for the
three epochs. Data were reduced using standard procedures
and calibrated relative to the 2MASS survey (Skrutskie et al.
2006). We marginally detect the afterglow in the first epoch
(at 3σ) and report limiting magnitudes at the position of the
afterglow of GRB 160821B for the second two epochs. All
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2data is summarized in Table 1.
Table 1. Ks-band data on GRB 160821B
MJD (Phase) Instrument Filter Apparent mag (Vega) Apparent mag (AB) Absolute Mag (AB)
57626.234 (+4.3 d) Keck I/MOSFIRE Ks 22.19+0.44−0.31 24.04
+0.44
−0.31 −15.4
57629.402 (+7.5 d) Keck I/MOSFIRE Ks >22.17 (3σ) >24.02 (3σ) −15.4
57630.321 (+8.4 d) Keck I/MOSFIRE Ks >22.0 (3σ) >23.85 (3σ) −15.6
3. MODELS
A wide variety of models exist in the literature that predict
different kilonova signatures based on different opacity as-
sumptions (e.g. Barnes et al. 2016; Rosswog et al. 2016).
Here, we focus on a detailed comparison of our observa-
tions to only one family of models with the reddest opac-
ity predictions (model details are described in Wollaeger et
al. 2017). This family of 9 models uses multi-dimensional
radiative transfer simulations with a new treatment of multi-
group opacity broadening, an approach described in Fontes
et al. (2017). They are based on dynamical ejecta morpholo-
gies (Rosswog et al. 2014), computed by long-term evolu-
tions with radioactive heating source, following simulations
of neutron star mergers in Rosswog 2013. Nucleosynthe-
sis and radioactive heating are computed using nuclear net-
work code WinNET (Winteler 2014; Korobkin et al. 2012)
that is derived from the BasNet network (Thielemann et
al. 2011). Reaction rates for nucleosynthesis are taken from
the Rauscher & Thielemann 2000 compilation for the finite
range droplet model (FRDM, Mo¨ller et al. 1995), including
density-dependent weak reaction rates (Arcones & Martı´nez-
Pinedo 2011) and fission (Panov et al. 2010, 2005). We cal-
culate radioactive heating energy partitioning between dif-
ferent decay species and their thermalization, using empiri-
cal formulae derived in Barnes et al. 2016. Radiative trans-
fer simulations are performed using the open source code
SuperNu1 (Wollaeger & van Rossum 2014), which imple-
ments a 3D semi-implicit multigroup Monte Carlo solver.
The simplest model, dubbed SAd, features spherically-
symmetric analytic density distribution and contains dynam-
ical ejecta only, with corresponding heating rates and opaci-
ties. This model is intended as the “worst-case” scenario of a
merger in which the brighter wind component is not present,
or is obscured by the so-called “lanthanide-curtain” (Kasen
et al. 2015), and also because this model is the least lumi-
nous due to its spherical shape with the lowest surface area.
Thus, the SAd model predicts the faintest kilonova signal.
The other eight models combine four different morpholo-
1 https://bitbucket.org/drrossum/supernu/wiki/
Home
gies of dynamical ejecta (A-D from Table 1 in Rosswog et al.
(2014)) with two spherically-symmetric analytic models of
wind, “wind 1” and “wind 2”. The wind carries two different
nucleosynthetic compositions from representative tracers H5
and H1 in Perego et al. 2014, respectively. These models are
abbreviated as γA1, γB1, γC1, γD1, γA2, γB2, γC2 and
γD2.
Crude empirical scaling laws for the peak magnitudes (mp)
in JHKs bands, depending on masses (m) and velocities (v),
are as follows (for more details, see Wollaeger et al. 2017):
mpJ = mpJ0 − 0.93 log(m/m0)− 1.61 log(v/v0) (1)
mpH = mpH0 − 0.95 log(m/m0)− 1.55 log(v/v0) (2)
mpK = mpK0 − 0.99 log(m/m0)− 1.53 log(v/v0) (3)
With these scaling formulas, starting with peak JHKs mag-
nitudes mpJ0, mpH0, mpK0 for a model with some mass m0
and some velocity v0, we can estimate the peak magnitudes
for a different mass and velocity. Furthermore, we note that
the time to maximum light also scales with ejecta mass and
median velocity (c.f. Grossman et al. 2014):
tp/tp0 = (m/m0)
0.32(v/v0)
−0.60 (4)
These empirical fits are obtained using gray opacity models.
The above models do not assume gray opacity and hence, we
caution that these empirical fits are only an approximation.
4. DISCUSSION
First, we investigate whether our Ks-band detection of
GRB 160821B in the first epoch at 4.3 d is consistent with af-
terglow emission from the jet. If we extrapolate V-mag of the
afterglow reported in Troja et al. 2016 at 3.6 d, and assume
a power law decay based on fitting to afterglow photome-
try reported in Xu et al. 2016, we find that the V−K color
is approximately 1.9 mag AB. This V−K color is somewhat
redder than that expected from a typical SHB afterglow spec-
tral index but it can possibly be explained by dust. Looking
up the extensive compilation of afterglow data of short hard
bursts by Fong et al. 2015, we find that there is remarkably
3little Ks-band data that we can directly compare to (note that
the latest phase of a near-IR afterglow detection in this com-
pilation is only 1.5 d). The V−K color is inconsistent with
all the kilonova models presented in this paper which predict
colors redder than 6 mag at this phase (Figure 1). The V−K
color is also not as red as models presented in Barnes et al.
2016 or Rosswog et al. 2016 (see Figure 2). Furthermore,
our Ks-band non-detections in the second two epochs at 7.5 d
and 8.7 d are also consistent with the hypothesis that there
was no detectable kilonova emission from this GRB (see Fig-
ure 2). Additional contemporaneous multi-band multi-epoch
photometry is necessary to securely disentangle whether or
not there could be a contribution from both an afterglow and
a kilonova at this 4.3 d epoch. For example, if there was
evidence to rule out a dust contribution, the excess emis-
sion could perhaps be explained by relatively bluer kilonova
models with different assumptions on ejecta composition and
ejecta opacity.
Proceeding despite this caveat, we applied the empirical
scaling laws discussed in § 3 to rescale the Ks-band light
curves for each of our models to a different value of mass
and velocity, for a range of masses and velocities. We then
sampled the resulting redshifted light curves at the observed
epochs and marked out regions with magnitudes excluded by
upper limits at 4.3 d and 7.5 d. The result is shown in Fig-
ure 3, where we plot excluded area for each model in the
mass-velocity parameter space. The upper limit at epoch
8.7 d does not provide additional constraints, so we do not
show corresponding areas. Given that most simulations pre-
dict ejecta velocities higher than 0.1 c (Hotokezaka et al.
2013; Rosswog 2013), we conclude that the mass of the dy-
namical ejecta of GRB 160821B is less than 0.03 M. We
note that this constraint is broadly consistent with other less
red models in the literature (Barnes et al. 2016; Rosswog et
al. 2016) within a factor of few (see Figure 2).
To characterize the parameter space further of this fam-
ily of models, we look at the predicted model emission as
a function of ejecta mass and ejecta velocity using the em-
pirical scaling laws described above (see Figure 4). Future
gravitational wave detections of neutron star mergers will be
relatively nearby due to the sensitivity of advanced gravita-
tional wave interferometers being limited to approximately
200 Mpc (Abbott et al. 2016). At this distance limit, sim-
ilar ground-based Ks-band photometry would be extremely
constraining for all models including the faintest SAd model
with dynamical ejecta only (Figure 4) for any assumption in
ejecta mass or velocity spanning two orders of magnitude.
For comparison on Figure 4, we also show the J-band detec-
tion of GRB130603B (−15.35 mag at 7 d in comoving frame,
Tanvir et al. 2013). The models presented here would suggest
a very high ejecta mass, mej > 0.08M (or extreme veloci-
ties >0.4 c which also shifts the peak to earlier time). How-
ever, one caveat here is that the nuclear mass model FRDM
tends to underestimate nuclear heating rates in comparison
with other mass models (Duflo & Zuker 1995) and hence,
produces dimmer kilonovae (Rosswog et al. 2016).
Examining the extremely red color evolution further (Fig-
ure 1), we find I−Ks colors peaking between 7–16 mag. This
suggests that even a relatively shallow infrared search for a
kilonova would be competitive and complementary to con-
straints from optical searches (e.g., Kasliwal et al. 2016;
Smartt et al. 2016; Soares-Santos et al. 2016). The H−Ks
color is relatively small, suggesting that either filter would
work well. Space-based observations, unhindered by night
sky brightness, are deeper but are currently limited to H-band
with narrow field-of-view cameras aboard the Hubble Space
Telescope (until the launch of the James Webb Space Tele-
scope and Wide Field Infrared Survey Telescope).
Infrared searches for kilonovae associated with coarsely
localized gravitational wave triggers are currently inhibited
by the astronomical cost of wide-field infrared detectors. The
best effort currently is the 0.6 sq deg field-of-view camera on
the 4m VISTA telescope (Sutherland et al. 2015). For exam-
ple, VISTA covered 8% of the localization of GW 150914 to
a depth of J<20.7 (Abbott et al. 2016, GCN#18353). While
the depth is constraining (corresponds to −14.3 at 100 Mpc),
the fractional area covered is too small. A future wide-field
survey, say in the H-band or Ks-band to a similar depth, but
covering a larger fraction of the error circle would be con-
straining in this context. We are exploring alternative semi-
conductors (Sullivan et al. 2014, Simcoe et al. in prep) and/or
creative optical design at a polar location (Moore et al. 2016)
to break this cost barrier and/or blinding night-sky barrier to
explore the dynamic infrared sky.
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Figure 1. I-K color (black circles), J-K color (red diamonds) and H-K color (green squares) evolution as a function of time since neutron star
merger. Even a shallow infrared search for kilonovae would be more constraining than an optical search. H-band may be the most optimal
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